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Beedenue. W[puuato cuutatTb, 4TO 2WIeKTpoympyrue MoayIM 
He 3aBHCAT OT AMIVIMTYIbI M YaCTOTEI KONeOaHHH. ITO noD- 
XO] OTPaxkKeH B POCCHMCKHX VM 3apyOexKHBIX CTaHJapTax IA 
ompeyeneHua WomHoro Hadopa 2IeKTpoynpyrux Mojysieli 
libesoKepaMuKu. Hanpumep, ia onpeyeueHHa Ibe3OMOJyIIA 
d3, oOpa3ija B (bopMe ZMcKa HeOOxXOAHMO TIpoBecTH H3Me- 
peHHA B TpeX 4aCTOTHBIX OOsacTAX: B OOMacTH MepBoro u 
BTOPOro pe30HaHcos, B OOaCTH aHTHpe3oHaHca WM Ha 4acToO- 
Tax MHoro HwxKe | KIy. B cBa3H c 9THM Mpeqnomaraetcas, 
YTO IPH onpeyenenuu d3, MOAI Uccleyqyemoli KepaMuKku 
B JMana30He uactoT oT 1 KI Wo Broporo pe3oHaHca He 
3aBHCAT OT YaCTOTHI. 

Llempro WaHHOl paOoTEI ABIIAeTCA UcCCIeqOBaHHe 3aBHCHMO- 
CTH OT YacTOTHI 3ICKTPOyNpyrux Moyyseli Kepamuknu. Ipu 
3TOM McHoNb3yeTca OOpa3ell B dopMe AucKa u3 LITC (qmp- 
KOHaTa-THTaHaTa CBHHIIa). 

Mamepuaaei u memooei. Ucnomb30BaHbl MeTOAbI MOCTaHOB- 
KM HW pelleHHa 3aay cTallMoHapHOl 9sIeKTpoynpyrocTu u 
pa3yeuIbl TeOpeTHYeCKHX OCHOB 3ICKTPOTeXHHKU. JIA pea- 
JIM3aljMH MeTOJja KOHCYHBIX 9JIEMCHTOB IIPHMeHeHbI MeTOL 
BO3MYLUeHHH HW WakeT UpHkKlayHbIX nporpamM ANSYS. Pe- 
3YJIbTaTbI IKCIHeCPHMeHTOB OOpaboTaHBl B cpeye MATLAB. 
Peszyaomamoi ucciedoeanua. Jia Wbe3oKepamuKu LTC 
HCCeJOBaHbl 3ABHCHMOCTH OT YaCTOTbI pa3IMYHbIX MOJy- 
nei (TmbesooueKTpu4eckux d3,, MMoNeKTpH4eckux £5, u 
ypyrux Moyet THOKOCTH $44,512,513). PaccmoTpeHbI 
payMalbHble KoeOaHna OOpa3iia B POpMe WHcKa C 9IeKTPO- 
amv Ha Topuax. Toma oOpa3sia — 1 MM, quametTp — 
40 mm, quama30H KoneOaHHui — yo 700 KIy. Cuayana uc- 
CyleOBasIacb YaCTOTHAaA 3ABHCHMOCTH IA yIpyrux Mossel 
KepaMHKH M3 OlpeyeweHua ecaTH pe30HaHCHBIX 4acTOT. 
3aTeM 110 H3MepeHHbIM 3HaveHHAM MIpOBOAHMOcTH oOOpa3ia 
Obuia onpeyeweHa 3aBHCHMOCTb OT 4YacTOTEI MOJysieli 
d3,ue5,. C sTo WembIO HCHOMb30BaOCh MONyYeHHOe B 
paOoTe BbIPaKeHve TIA 9IeKTpHYecKOH MpOBOAMMOCTH U3 
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Introduction. It is acknowledged that electroelastic modules 
do not depend on the amplitude and frequency of oscillations. 
This approach is reflected in the Russian and foreign stand- 
ards for determining the complete set of electro-elastic pie- 
zoceramics modules. For example, to determine d3, piezo- 
module of a disc-shaped sample, it is required to take meas- 
urements in three frequency domains: in the first and second 
resonances, in the antiresonance region, and at frequencies 
much below 1 kHz. Accordingly, it is assumed that when 
determining d3,, the modules of the ceramic under study in 
the frequency range from 1 KHz to the second resonance are 
independent of frequency. The work objective is to study the 
frequency dependence of electro-elastic ceramic modules. In 
this case, a disc-shaped sample from LZT (lead zirconate 
titanate) is used. 

Materials and Methods. Techniques of setting and solving 
problems of the stationary electroelasticity and sections of the 
electrical engineering basics are applied. To implement the 
finite element method, the perturbation technique and the 
ANSYS application package are used. The experimental re- 
sults are processed in the MATLAB environment. 

Research Results. For the LZT piezoelectric ceramics, the 
frequency dependences of various modules (piezoelectric d3,, 
dielectric 3, and elastic modules of compliance - 
S41, 512,513) Were investigated. Radial oscillations of a disc- 
shaped sample with electrodes on the ends were considered. 
The sample thickness was 1 mm, the diameter was 40 mm, 
and the oscillation range was up to 700 KHz. First, the fre- 
quency dependence was studied for the elastic ceramic mod- 
ules from the determination of ten resonance frequencies. 
Then, the frequency dependence of d3,and £33 modules was 
determined from the measured values of the sample conduc- 
tivity. For this purpose, we used the expression for the elec- 
trical conductivity obtained from the solution of the radial 
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pellieHHa paquabHbix KoeOaHHi WMcKa C ydeTOM eo TOJI- 
IMHBI. 

O6cyacdenue u 3akmouenun. PaspadoTaHa MeTOAMKa Wa 
olpeeseHuA 3aBHCHMOCTH OT YacTOThI MOJyel Mbe3093J1eK- 
Tpuyeckol Kepamuku LTC. Odpa3er B dopMe WHcKa UccsIe- 
WoBasica pu WHara3one uacrot 15—650 KTy. Moxa3ano, ro 
B JMana30He 10 650 KI yupyrue MosyiH $44,542,513 
BepXHHM HHAeKcom £ (oH OMylleH) HIM H3MepeHHbIe npu 
TIOCTOAHHOM 9JICEKTPpH4eCKOM Tose WpakTH4eCKH He 3aBHCAT 
or yactorp. B yka3aHHOM JMatla30He KOHCTaHTHI €33, d3), k, 
IIA pacCMaTPpHBaeMBIX paMaJIbHBIX KOeOaHHii UMerIOT He- 
3HAYHTEJIBHY!IO YACTOTHYIO 3ABHCHMOCTB. 


KuroveBbie C10Ba: Tbe309JIEKTpH4ecKkad KepaMkKa, 9JICKT- 
poyupyrve MOyIM, CxeMa 3aMeII|eHHA, 3AaBHCHMOCTb OT 
yaCTOTBI, JMCK, M€TOJ| KOHCYHBIX IIeMeHTOB, ANSYS, me- 
TO] BO3MYIeHHH. 


O6opa3zeu Ona YUumupoeanua: Mapnopcxuii, B. B. Uccney 
OBaHHe 3aBHCHMOCTH OT YaCTOTbI KOHCTaHT MOJIAPH30BaH- 
HOH Mbe30KepaMHKH B CXeMaX 3aMeleHHA MpH caObix 
glekTpHyeckux omax (4actb III)/ B.B.Magopcxni, 
VU. E. Poros, A. K. Kpyrmos // Becruuk Jon. roc. TexH. yH- 





oscillations of the disc considering its thickness. 

Discussion and Conclusions. A technique is developed for 
determining the frequency dependence of LZT piezoelectric 
ceramic modules. The disc-shaped sample was studied in 15- 
650 KHz frequency range. It is shown that in the range up to 
650 KHz, 544,512,513 elastic modules with E superscript (it 
is omitted) or measured at dec field are practically independent 
of frequency. In the specified range, £33, d31, kp constants 
have an insignificant frequency dependence for the consid- 
ered radial oscillations. 


Keywords: piezoelectric ceramics, electroelastic modules, 
equivalent circuit, frequency dependence, disc, finite-element 
technique, perturbation method. 
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Breyenne. 3HauutesbHoe 4cI0 padoT NOCBALeHO HCCeqOBaHHIO M pa3BHTHIO MaTeMaTHYeCKHX MeTOJOB 
pelieHua 3ayay 0 KoeOaHHAX Ibe309ICEKTPHYeCKHX Tell. B cocTaBe Mbe303IEKTPHYeCKUX YCTPOHCTB Mbe303JIEMCHTBI 
CIYKaT JIA BOSOYKICHHA H PervcTpaluu KoMeOaHHi, BLI3BAHHbIX BHCWIHHMH BO3eHCTBHAMH. BErOop Mbe309JIeKTpH- 
yecKOrO MaTepHalla JIA H3MCPHTeJIbHbIX MpeoOpa3zoBatTesei MW aHasIM3 UX XapaKTepHCTHK TpebyeT OobWOrO OObeMa 
cBeJleHHH O MapaMeTpax MaTepnasos. K TakuM CBeeHHAM OTHOCATCA: 

— NoHbIM Habop dIeKTpoylpyrux Moxysen [1], 
— nlotepu, 
— 9KBUBaJICHTHbIe 3JIEKTPHYeCKHE CXEMBI, WIM CXEMBI 3AMCIICHHA Mbe309IEMEHTOB [2]. 

PeakTHBHble MHaMuyeckne Mapametppl L, C cxeM 3aMeLIeHHA ONpeeAOTCA YUPYIMMU M9IeKTpPHYeCKHMU 
MW Tbe303JIEKTPHYCCKHMU MOJYIIAMH, a TaK%Ke TWIOTHOCTbIO Mbe30KepaMuKH [3]. [Ipunato cuntaTb, 4TO dIeKTpoyupy- 
rue MOAyIH — lMapaMeTpbI CXeM 3aMeLI[CHHA MOCTOAHHBI, OHH He 3aBHCAT OT AMIMJIMTYAbI (cMaOble DIeKTpH4ecKHe T10- 
Jd) M OT YacTOTHI KoNeOaHHi. Bce 3TO HalWIO OTpaxkeHHe B poccniicKux [4] u 3apyOexHbIx [5, 6] craHawaptax Wa 
olpeyeueHHA MoHOrO Hadopa dIeKTpOyNpyrHx MOAyel Wbe3soKepamuKn. Harpumep, WA ONpeseseHHA Ibe3OMOYIA 
d3, oOpa3yja B PopMe AHCKa HeOOXOAMMO MIpoBecTH H3MepeHHA B TpeX YaCTOTHBIX OONacTAX: B OOAaCTH MepBoro U 
BTOPOrO pe30HaHCoB, B OOACTH AHTUpe30HaHca HW Ha YacTOTaX MHOTO HWwKe pe3soHaHcos | KI'y. B cBa3u c 3THM MIped- 
ToularaeTca, 4YTO Ip onpeyenenuu dz, MOAyIM UcceqyeMol KepaMUKH He 3aBUCAT OT YaCTOTHI B JOCTATOUHO WHpo- 
KOM J{uaria30He OT | KI’ 4o BToporo pe3oHaHca. 

Llembro WaHHOH paooTsl ABIAeTCA UCCIeEAOBAaHHe 3ABHCHMOCTH OT YaCTOTHI 9IEKTPOYMpyrux Mosysielt KepaMu- 
ku. PaccmatpuBaetcs oOpa3erl B cbopMe AucKa u3 IITC (uupKoHata-TuTaHaTa CBHHLa), T. K. MMeHHO TaKoii THI Kepa- 
MHKH HanOosiee XOpomo H3BecTeH. JI IPOBePKU KOPPeKTHOCTH TpeCTaBIeHHOH MeTOAMKH HCMOb3yeTCA IporpaM- 
ma ANSYS [7]. 

Martepnasibi 4 MeTo~bI. PaccMoTpHM Ibe303IeCKTpHYeCKHH JHCK TOMMHON 2h u paguycom a. BBeyem wH- 
JIMHJIpuueckyto CucTemMy Koopyuuat (7, ©, Z), IpH4eM Ocb Z COBMaaeT c HallpaBIeHHem Ocu NoMApH3ayHH. Koopyu- 
HaTHad IWJIOCKOCTb Z = 0 copmayaeT CO CpeAMHHOM MWIOCKOCTbIO WHCKa. 

OcHOBBIBaICh Ha W3BeCTHBIX JIMHeMHbIX [Ibe309JIEKTPHYCCKHX COOTHOMICHHAX, ypaBHeHHAX JMHAMUMKH 
cnomHon cpenpt [1] u Makcpenna [8], cuctemy ypaBHeHHit OCeCHMMeTpHUYHBIX KONeOaHHH Mbe3s031eKTPH4eCKOrTO 
TMCKa MO2KHO 3allHCaTb B Cle yIOuleM Bue: 


iy Fem oy iia ara Tee 4 pw2U = 0, 


O:Tyz + 03 Tz, ++ pw*W =0; 4D, +0,D, += =0. (1) 
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3iech U Taslee BBeJeHBI Cilezyrollue oOOo3HayeHuA U OMpenemeHua: U, W— mexaHwueckue CMeIIeHHA 10 KOOpaMHAaT- 
HBIM OCAM 7, Z COOTBETCTBCHHO; & — KpyroBasd 4YacTOTa; P — MWIOTHOCTS; T;,,, — MexaHHyecknue HalpsKenna; D,., D, 
— KOMIIOHEHTHI BeEKTOpA IICKTPpUYeCKOM HHAYKUMUM; 0, U 03 — ollepaTopbl IpOv3BOHBIX M10 rH Z. 

B cryyae oceBoli NOIApH3allMu JMHeMHbIe ypaBHeHHaA 1b309exkTa WA CMAaO‘IX 3IEKTPUYeCKUX MOMeH B IH- 
JIMHApH4ecKuX KOOPAMHATaxX MO%KHO 3arMcats [1]: 


Try = C410,U + C12 < + C1303 W + €3103 &, 

Tog = C120,U + C4 - + C1303 W + €3,03 @, 

Tzz = C130,U + C137 aah C3303 W + €3303 @, (2) 
Dz = €31(0,U + “) + €3303 W — esas @; Dy = €15(03U + 0,W) — £1101 @. 


B cootHoulenuax (2) u alee BBeXeHI CueAyIOUMe OOO3HAYeHHA: Cy», — yUpyrve MOCTOAHHbIe B MATPH4HOM 
oOo3HayeHHH, H3MepeHHble Ha OOpa3ilax C 3AKOPOUCHHBIMH IICKTPOAaMHM WIM TPH MOCTOAHHOM 3JIEKTPHYeCKOM Toye 
E (sepxuuii uuyexc EF y KOHCTaHT KepaMHKH 3/eCb UM alee OMYUeH); Cy, — Wbe30KOHCTAHTHI; Ey) — JM9JIeKTpHue- 
CKHe MpOHHWaeMOCTH JIA 3ax%KaTOTO OOpa3ziia; (@ — dIeKTpH4ecKH NoTeHuUHMa, mpuyem E = —grad @ [2, 8]. 

byJeM CuuTaTb, YTO Ha IICKTPOAMPOBaHHBIX TOplax MW Ha OOKOBIX MOBEPXHOCTAX AMCKa 3ajjaHbl TpPaHH4Hble 
ycnosua [1, 2]: 











upuz=+h T,, = 0; T,z = 0; p = 2V, (3) 
mupur=a T,, =0; T,, =0; D, =0. (4) 
B (3) Benuunna 2V — noyBeyeHHad K TOpllaM 3sIeKTpH4ecKasd pa3sHOCTb MOTeHIMaoB [2, 8]. 
Bseyem Oe3spa3MepHble KOOPAHHATHI H BeJIM4HHBI 110 (OpMys1aM: 


r Zz h p c23 
=-; =2;e=7; a=oh [£; 0, = wa 4 = 1 - 
3 a8 h’ a C44” 11 33 


Pemrenue KpaeBor 3agaun (1-3) cocTrouT 43 CyMMBI JBYX pelleHui: 
— OfHOpOAHOrO pelieHHA Ip HyJICBbIX TpPaHHUHBIX YCIOBUAX pH z = +h; 











— 4acTHOPO pellleHHA, yOBICTBOPAIOMe€rO TObKO HEHYJICBbIM YCJIOBHAM Ha Topuax (3). 

TloctpoeHHas CHcTeMa OJHOPOAHBIX peleHH NO3BOJIMT B JaIbHeHIeM YIOBJICTBOPHTb HW TpaHW4HbIM yCJIO- 
BHAM (4) Ha OOKOBOHM MOBeEpXHOCTH (Kak IIpaBHJIO, C TOMOLIbIO BAPHaL|MOHHBIX MeTONOB). 

He cocrapiser Tpya Noctpouts uacTHoe pemenue D? = const u D2 =0, Koropoe aBTomaTu4eckH yOBIe- 
TBOPACT TpeTbeMy ypaBHeHHIO H3 CHcTeMmbI (1) H rTpaHH4HbIM ycNOBHAM Ha Topulax (3). MexaHwueckne H IIeKTpH4e- 
CKHe COCTAaBJIAIOMIMe YaCTHOFO PellleHHA COrIacHO MepBbIM J[BYM ypaBHeHHAM CHCTeMBI (1) paBHEI: 


Ena 
T9. = TS = A(eas + 2 )x sin) + esrK; UP = 0; TS = 0; 
33 
° = Khe + Ahsin(x@); D2 = —€33K; TZ, = e33K + €33Ax cos(Xé); , 
V eas V 1 >) 


= ee | 
h exs(xcos(x) — ke sin)’ hy _ 4.2 tan) 
x 





B (5) u qamee BBeeCHBI ClleyrollMe OO03HaueHUA: 


ee, €33€ c 
cfs 


cP," 





Ec BeKTOp BHeIIHUX ycuIMi u ener MOTCHI[Mal PaBHbI HYJIEO Ha TOPI[CBbIX IOBCPXHOCTAX, TO 
HIOCTpOeHHe OJHOPOAHEIX pelleHHii CBA3aHO C OlIpeyeseHHeM KOpHeli WuctepcHoHHOrO ypaBHeHna [9]. [ua cumMetT- 
PHUHEIX KoNebaHHi JMciepcHOHHOe ypaBHeHHe MMeeT BHT: 

a,M,, tan-1(B,) = 0, (n= 1, 2, 3). (6) 

B (6) BBeqeHbI cileqyroulMe o003HadeHUaA: 

An = O°C13kin + C33k2n + €33kani Dn = KinBn + Kani 
M, = b2k33 — b3k32; Mz = b3k31 — byk33; M3 = byk32 — bok3,. 
3nech ky» — anreOpanueckve JOMOHECHUA 3ICMCHTOB TpeTbei CTPOKH ONpeeUTeIA CHCTEMBI JI CHMMCTPHUHBIX 
KoneOaHnii (1); B, — KopeHb OukyOuyeckoro ypaBHeHua u3 [9], o — Oe3pa3MepHoe BOJHOBOe 4NCIO KoNeOaHUi 10 
ocn /. 
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J\nat HaxoxKTeHHA KOpHel O IPH 3aaHHBIX 3Ha4yeHHAX (2 HEOOXOAMMO COBMECTHO PeLINTb AUciepcHoHHoe (6) 
vw OukyOu4eckoe ypaBHenna. HonzpoOuniit aHamM3 KOpHel AUciepCHOHHOrO ypaBHeHHA CHMMETPHUHBEIX KoeOaHHi Oe3 
MOTepb [JIA Mbe3O9EKTPHYECKOTO COA NpUBeeH B [9], c ywetom noTepb — B [10]. MmMenHo cymma yacTHOro U OJHO- 
POAHOFO peleHH MO3BOIMT yYAOBJICTBOPUTb rpaHH4HbIM YCIOBMAM Kak Ha TOpWax, TaK HM Ha OOKOBBIX MOBepXHOCTAX 
qucka. 

IIpu 1pon3BOIbHOM COOTHOMICHHU pa3MepoB JMcKa OOpaTHad 3afja4a O ero BbIHyKCHHBIX KoeOaHHAXx (1-4) 
ABIIACTCA OUCH COXKHON WIA AHAIM3a HM MMeeT KOHCUHOE AHAIMTHYECKOE PeLeHHe JIMIb B HEKOTOPBIX YACTHBIX CIly- 
yaax (HallpiMep, KosIeOaHHaA TOHKOrO AMCKa WIM 6e3 yyeTa ero TOMMIMHbI, Kora € K 1). Tlostromy npn ompeyenenuu 
MOyyuleH KepaMHKH OOpaTHy!O KpaeByto 3afla4y yqoOHee pellaTb MpHOWKeHHBIMH MeTOJaMH C yYeTOM TOJILIMHHBIX 
TMOMpaBOK Jit HA3KOUACTOTHBIX paMasIbHbIx KoeOaHHi WucKa. B 9TOM Cily4ae MOXKHO MOMYIUTb aHaIMTHYECKOEe pe- 
WeHHe B BHe KOHEYHBIX (opMysJI. B WaHHOM padoTe HUeM pellieHHe B BUe pa3zIOx%KeHHA 10 MaJIOMy TapamerTpy €: 

a? = e702 + yet 08 + e908... U = Uy + €702U, + €404U;, +... (7) 








3yecb U, — Bextop-dyHkyua c coctapisroujumu U(U, W, @); n — nopasyqoK NocTpoeHHoM upHOmMKeHHOM TeopHu 
paccMaTpHBaeMBIX B paOOTe CHMMETPHYHBIX KOJIeOaHHi WUCKa; Y, 11 — H€H3BECTHbIe MOCTOAHHBIC, KOTOPbIe 3aBHCAT 
OT MOsyslei MbesoKepaMUKH, OMpeyensaroTca U3 (1, 2) M YROBMeTBOPAIOT OJHOPOHBIM (HYJICBLIM) [paHH4HbIM yCJIOBH- 
aM (3). 

Onyckaem rpomo3ykve BbIKNagKH. OrpaHwunMcsa wieHaMn c €° JIA OMpeszeNeHMA BOTHOBOTO YHCHa a, WIe- 
Hamu c €” JWIa BeKTOp-cbyHkumn U B (7) vu IpuBeyeM KOHeUHBII pesysIbTaT paccMaTpuBaeMoi KpaeBON 3a/a4u C BBI- 
MIOJIHCHHBIMH TpaHH4HbIMH YcCOBHAMH (3) Ha Toprax [11]: 











y= Cf3 . 912. 32. 2d31 ~, 13 S813, 
3c33 | Si 8 (Sua + S12)’ C33 S41 + S42" 
ae alee +y}+pi 
=yl(— iezo; 
n=vlastteoe ty) +P 
t? d31 





fe i . 
iezo = — Cy, (2td3, +d . 
p asc? e,(1-k3) 5144549 11 ( 31 33] 


3zeCb Sinn — MOY rHOKOCTH pH MOcTosHHOM E; d3; — mbe30Mosyib; k,, — WlanapHbiit KooppunMeHT cBA3H; V — 
rylanapHElii Kood@uuuent Iyaccona; €33 — CBOOOTHaA AMIIeKTPH4eCKad MPOHHMAeMOCTS JIMCKa. 

Jlanee BBeyem cilexyroume onpexerenua u OOosHaueHUaA: 0% = €702 — npnOmMKeHHOe BOJHOBOE 4NCIIO Hy- 
yeporo. mopsyka; a%=e702+yetO# —  npvOnwxenHoe BomHOBOe YNCIO © BTOporo nopsyKa; 
az = £70, + ye40,* + ne°0,,° — npu6muKeHHOe BOMHOBOE YHCIO YeTBepTOrO MopsyKa; C— eMKOCTS AUCKAa. 

B ta6u. 1 mpeazcrasnensi pesyibTaTbI TOUHOTO pelleHuA BOJHOBOTO YUuCIa O& KepamMuKu PZT4 B 3aBucHMocTH 








OT YacTOTbI M3 FHCMepCHOHHOTO ypaBHeHna (6) 4 IpHOMMKeHHBIM pacueT u3 (7) mpu ¢ = 0,033 ana pasmM4HBIx MpH- 
OIWKEHUM Oy. 

















IIpumep pacueta BONHOBOFO 4CIa O Ip pa3sIMUHbIX YaCTOTaXx JIA paccMaTpHBaeMoro pee ae 
f, KTu Q 0. 43 (6) Ao Oy 4 c piezo = 0 Oly 
50 0,085 0,045055 0,045049 0,045055 0,045055 0,045055 
250 0,425 0,2262 0,2252 0,22603 0,22605 0,2261 
500 0,85 0,4578 0,4505 0,4568 0,4574 0,4575 
700 1,1903 0,6522 0,6307 0,64777 0,6514 0,6518 





























IIpupeyenusre B Tab. | pesyIbTAaTbI MOKa3bIBaIOT, YTO DIA WHcKa ToMMHHOH | MM u 4actot yo 700 KTy 
pacueT BOJIHOBBIX YMCel M3 AHCMepCHOHHOTO ypaBHeHHa (6) H NpHOMMKeHHbIM pacueT IA O4 IpakTM4eCKH CoBMaya- 
1OT, a HOMpaBKoi piezo MOxKHO TIpeHeOpeys. B 9TOM cyryyae pa3zo%KeHue (7) AIA A? MpakTH4eCKH 3aBMCHT TOJBKO OT 
TeCOMETPHYCCKHX pa3MepoB AMCKa, MIOTHOCTH MH MOyseH THOKOCTH $44, $42, S13, 

Onlyckasd OTHOCHTeIbHO TPOMO3AKHE BbIKIAIKH, IpHBeAeM BbIPAaKeHHe MpOBOAMMOCTH Y jVId Wbe309JIeKTpH- 


yeckoro J{HcKa. OHO MOy4eHO 43 NpHOMMxKeHHOrO pemeHus (7) JIA pasIM4HBIX €?. 
Y000 — nyseBoe npuOmmxennue € = 0, uM H3BeECTHOe ypaBHeHHe palasIbHbIX KOeOaHHi JHCKa HyJIeBOM TOJIMMHBI: 


ga". Poieeud ine ee ey 
2. 7 as xJo(x) - A -vJi@)/’ 


Y040 — npvOmmxeHHOe BOTHOBOEe 4UuCIO 4-ro NopayKa: 
M4, _ p24 2 Ge) 
x=} Y040 = wl (1 kp + k(1 +v) eo ane) (8) 


Y042 — TIpHONWKeHHOe BOJIHOBOC YHCIIO YETBepTOrO NOpAAKAa, WaCTHOeS pelieHHe BTOpOroO MOpAyKa: 
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07 e2, x 
Y042 = w6 (1- KB + cae et hh@) 


3e 3303 C33 Ba Jo(x) — 1A — vy (x) 


¥242 — TIpHOMMKeHHOe BOJIHOBOC YHCIIO YETBEPTOLO MOpAyKa, OWHOPOAHOe HM YaCTHOe pelieHhe BTOpOroO MopAKa: 





07 e3, a ) 0? €33C13 
Y242 = w6 (1-63 + ca et +k5 + v) (1 ey ee 2 »): 
E33 C33 €31033 


1 ¢ 
zn = [xJo(x) — 1 —v)a@)] 1 + eae (5 + “y — aby fo; (9) 


E3313 34 
€33 S41 + Sy2 
B taOn. 2 WpeacTaBeHbI pe3yIbTAaTbI YUCeHHO-aHasIMTMYecKHX pacueTosB. IIpoBoquMocTH TOUHOrO pelle- 





Pp _ 
C3, = C31 + 


uua (5, 6) u npuoOmmxKeHHBIX permeHnii (8,9) mo €? HaiiqeHbI c MOMOMbIO MporpamMst MATLAB [12]. Jaa gucxa u3 
PZT4 [13] tonmuyoi 1 MM u qQuamMeTpom 30MM 4MCiIeHHbIe pacueTbl MpoBowiMch B cuctemax ANSYS u 
ACELAN [14]. Hocnequui maket mporpammM pa3paOoTaH coTpyqHuKamu TO>oKHoro (dbexepanbHoro yHMBepcuTeta 
(JOY) u opveHTupoBaH Ha pacueTEl Mbe309IEKTPHYCCKUX YCTPOHCTB. 














TaOsmua 2 
PacueT NpoBoaMMoOcTeli WIA pa3sIM4HBIX YaCTOT 
UYactota, Kru, |ANSYS, Cm/m_ | Pentenne (5,6), Cm/m | YOOO, Cm/m_ | Y040,Cm/m | Y042, Cm/m_ | Y242, Cm/m 
350 5,03 5,032 4,9688 5,014 5,0457 5,028 
554,4 8,74169 8,741029 8,478 8,5864 8,73237 8,735 
700 10,98 10,97 10,376 10,682 10,957 10,96 





























V3 taon. 2 BHAHO, YTO Ip NocTpoeHuH MpHOMMKeHHBIX Teopul Tua (8, 9) 2*XeNATeIbHO MCHOb30BaTb pa3- 
jlomeHnve (7) WId pacueTa BOJIHOBOrO 4HCJIa KAK MMHAMYM BTOpOro TopsyKa. 

Pesy.1bTaTbl Ucc1eOBaHnA 

1. Uccneqopanne 3aBMCHMOCTH yIpyrux Moye KepaMuKH OT 4acTOTHEI. J[11 FOCTAaTOUHO XOpOLO u3y- 
YeHHOM mbe30KepamuKu I[TC npopeyem uccieqoBaHve 3aBMCHMOCTH OT 4aCTOTHI CeAYIOWMX MOAyei: Wbe30o1eK- 
Tpuyeckux d3,, MoeKTpuyeckux €$3 H MOmyei THOKOCTH $11,542,513. PacCMOTpHM HU3KOYACTOTHBIC paMasbHBIe 
KoeOaHHa OOpa3ia B POpMe AMcKa c dIeKTpoyzamMu Ha Topuax. Toma oOpa3ya — | MM, qHametp — 40 mo, gmatia- 
30H KomeOaHHi — yo 700 KTu. CHauama uccneaqyemM 4acTOTHy!O 3ABHCHMOCTS lA yupyrux Monynet. Jia 3TorO, co- 
ruacHo [15], npeyqBapuTesbHO U3MepseM TPH epBble pesOHaHCHble HU3KHe YacTOTHI f,. (OCHOBHOM pe3oHaHc HU Ba ero 
oOeptona). Yupyrve KOHCTaHTHI ONpeeAIOT H3 peWIeHHA YaCTOTHOTO ypaBHeHHA (9) paqMasIbHBIX KoeOaHHi WucKa c 
yU4eTOM OTHOCHTEIbHOM TOJMIMHEI €: TPH ypaBHeHHA JIA Tpex HeM3BeCTHEIX MMeHHO OTHOCHTeIbHaA TOMMMHA € OTIIN- 
yaeT IIPHBeeHHOe BbILMIe YacCTOTHOe ypaBHeHHe (9) AA paqMabHBIX KONeOaHHM JMCKa KOHeC4YHOM TOJIMIMHbI OT 13- 
BCCTHOFO YaCTOTHOTO ypaBHeHHA JIA paMasIbHbIX KOeOaHHi WUcKa Cc KHYeBOM TONMHHOM [15]: 

R J(R) = (1 -v) Ji(R). 

BBegenue TOUMMHHOM NompaBKH € B pelleHHe U3BECTHOTO ypaBHeHHA payHasIbHbIxX KOeOaHHli OOpa3ita B BH- 
We TUCKa MOBbILMaeT TOUHOCTS U HHPOPMaTHBHOCTh U3MepeHHA yIIpyrux Moyer. 

Onpeyenenupie 0 [11, 15] Meroqom Tpex pe30HaHCoB yipyrve MoOZaTIMBOCTH IA paccMaTpHBaeMOl Kepa- 
MHKH OKa3aJIMCb paBHEL: 

Si) = 12,29e — 12, 5). =—4,05e — 12, 5,3 =—-5,28e — 12. 
B tao. 3 mpuBexeHbI MepBbie ecaTb pe30HaHCHBIX YacTOT Aid KepamuKH I[TC19. B croxe «OKcnepumMeHT» 





yka3aHbl YaCTOTHI, H3MepeHHble Ha YCTaHOBKe Jia U3MepeHHuaA NpoBozuMoctTu WK 6500B B Vuctutyte BbICcOKHX Tex- 
HONOTHH WM WbesoTeXHHKH pu LOMY. B crpoxe «PacueT» — paccuuTaHHsle 10 PopMyvie (9) AIA He3AaBHCHMBIX OT 4a- 
CTOTHI yIIpyrux Mopyseli $14,542,513, OlpeweueHHEIX mo [11, 15]. Morpenmoctu u3sMepenuii He MpeBEiuasM 3HayveHnit, 
peKOMeHJIyeMBIx cTaHyapTom [4]. 











Taodsmua 3 
Tleppbie JecaTb pe30HaHCHBIX YaCTOT Jia KepamuKH II[TC19 
Pe3oHaHcuHple uactortsi f, Ku 
OxKcnepuMeHtT 50,8 132,8 |211 2884 |364,6 |439,4 |513,2 |585,4 |654,4 | 722,8 
Pacuet 50,8 132,8 {210,95 |288,1 |364,8 |440,7 |516 590,4 | 663 735,4 









































V3 tadm. 3 BUAHO, YTO B WMalla30He YacToT Wo 600 KI y pa3smmune MexKy pacueTHbIMH HW IKCIICPHMeCHTAIIbHBI- 
MM JaHHBIMM Tp MOCTOAHHBIX yIPyrMx MOYyIAX He TpeBbiiuaeT 1 %, MOSTOMY MOXKHO CieaTb CIeAYIOWMU BbIBOL: 
«JIsId paccMaTpHBaeMOl KepaMUKH yIIpyrve MOM $14,$12,S13 © BePXHHM HHAeKcoM F (0H OMyuleH) WIM W3MepeH- 
Hble IIpH MOCTOAHHOM 9JICKTPHYeCKOM Tose IpakTH4ecKH He 3aBUCAT OT YaCTOTHI B AMara30He Wo 650 KI». 
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2. Ucceqosanne 3aBucHMOcTH OT 4acTOTHI Mosy.lei dz, 4 £3. Ucnomb3yem BpIpaxenne (8) JWI1 TIpOBO- 
qumoctu Y040 v3 pelieHua payuasIbHbIx KosIeOaHH JMCKa C y4eTOM eFO TOJINIMHBI, a TakKKe W3MepeHHble TPH KOM- 
HaTHOW TeMilepatype 3HadeHHA MHMMBIX YacTell KOMIMJICKCHOM MpOBOAMMOCTH UCCJIeyeMoi Mbe30KepaMuKH. B 3TOM 
cilyyae MO2%KHO UCCIeOBaTb 3ABHCHMOCTb Mossel d3) ef, OT 4aCTOTHI B WHana30He oT 10 KI go 600 KTu. Jina 
onpeseenua JIBYX HEW3BeECTHBIX d3; H £33 W3MepuM Y np AByx 3HaveHNaxX yactor fi, fr. PasHuna Mexry fo uf, BBI- 
Opana Tak, YTO MOXKHO TIpeHeOpe4b 3aBHCUMOCTHHO Mosse d3, HU £43 OT YacTOTHI B AMana3z0He f\— f>. 

B nacTosulet pabote BBeeHbI Ba yCIOBUA: 

1) fp—-fi = 200 Tu; 

2) TIPpOBOAMMOCTH paccuHTaHbl JIA UAeabHOTO Mbe309IEKTPHYECKOTO Tesla WIM Oe3 yaeTa NOTepb, MOITOMy 
He Y4YNTHIBAIOTCA YACTOTHI Pe3OHAHCOB WIM B OKPCCTHOCTH pe30HaHCOB. 

B utore MouyauM JlerKO pelliaeMy!0 CHCTeMy JBYX JIMHeHHBIX ypaBHeHHi OTHOCHTeJIbHO JByX H€H3BeCCTHBIX 

2. gf 
kyM &33. 

Ha puc. 1 mpeycTaBieHbl 3aBHCHMOCTH ke ,d3, Mu €$3/€> oT yactotst 10-650 KTn. 

2 
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Yactora, KI 


Puc. 1. 3aBucuMocTu TIbC309ICKTPHYCCKHX NapaMeTpOB OT YacTOThI 


3iech £95 — Wu9IeKTpWUuecKkad MpOHUIaeMocTs BakyyMa. B jMama30uHe oT 15 no 650 KI Kos@dunment cB913u 
ice cHauasla yBeIMYMBaeTCA C POCTOM YacTOTHI OT 0,28 no 0,34, a 3aTem yOnIBaeT Jo 0,26. besomonyib d3, UMeeT aHa- 
IOPMYHY10 YacTOTHY10 3aBMcuMoctTs: mpu 15 KT c—1,50e '° n0 Maxcumyma 1,661le'°, a 3aTem yOnrpaer n0 1,31e '°. OrHo- 
CHTeIbHaA TM9ICKTPHYeCKad MIPOHHWaeMOCTh C POCTOM 4aCTOTbI MOHOTOHHO yMeHbiaetca C 1766 qo 1455. 

Ha puc. 2 WpescTaBsIeHbI 3ABMCHMOCTH OT 4aCTOTHI B WHana3oHe 1-10 KI, u3smMepeHHoi u paccunTaHHol 0 
tbopmysie (9) eMKOCTH KepaMUKH Ip MOCTOAHHBIX MO/YIIAX, OlIpeweIeHHBIX cormacHo OCT [4, 15]. 
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Puc. 2. 3aBHcHMOCTb EMKOCTH TIbe30KepaMHKH OT YacTOTHI 
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BuaHo pe3koe oTmMm4une AByx emMKocTel Kepamuku LTC ana Hu3KHXx YacTOT. BepoaTHo, 3THM HM OObACHAeTCA 
3aBHCHMOCTb lapaMeTpoB KepaMuKH OT YacToTEI HuxKe 15 KT (cm. puc. 1). Sto npeynomaraeT HasMune Oosee BbICO- 
KOM CTeleHu JUcrepcHocTH — B TMepBylo O4epeyb, y MbesomosysA a3). loypoOuee 3sToT Borpoc OyeT paccMoTpeH B 
cleyyroulel CTaTbe (KOHCTAHTHI €337, d31, kp UCCIIEAYIOTCA B HA3KOUACTOTHOM JIMaria30He). 

OdcyxjeHNe H 3aKOUeHHA. PaspaOoTaHa MeTOLNKa JIA ONIpeAeeHHA 3ABHCHMOCTH OT 4YaCTOTbI MOsyseli 
Tibe309IeKTpHyeckoH KepamuKu IITC. OOpa3zey B PopMe AMCKa McceqoBasIcA pH Wuana3zonHe uactoTt 15-700 KTu. 
Iloka3aHo, 4To B uata30He Wo 650 KI yupyrve MogysM $14,512,513 C BepPXHHM UHeKcom E (0H omyleH) WIM H3Me- 
PeCHHBIe Ip MOCTOAHHOM 93JIEKTpH4YeCKOM Tose WpakKTH4eCKH He 3aBHCAT OT YaCTOTEI. B ykKa3aHHOM Matla30He KOH- 
CTAHTBI €43, d31, k, WIA paCCMaTPMBaeMBIX PaMaJIbHBIX KOMeOAHHii MMCIOT He3HAYHTeIbHY10 YaCTOTHY1O 3ABHCHMOCTD. 

V3yueHa 3ABHCHMOCTh TOJIbKO peasIbHOH YaCTH MOAysieli KepaMUKU OT 4aCTOTHI, WOTepu He yunTprIBasNce. ITo- 
3TOMY SKCICPHMCHTAIbHO MOJIYYCHHbIC 3ABMCHMOCTH MHHMOM YacTH MPOBOAHMOCTeH KepaMUKM OT YaCTOTHI OBI 
V3MepeHbI BAA OT pe30HaHCos, Te BIMAHHe WOTepb HHYTOXKHO. TeM He MeHee B AasIbHeileM HeOOXOAMMO Y4HTBEI- 
BaTb KaK peaJIbHble, TAK MH MHUMBbIe YaCTH MOAyseH. ITO 3HaYHT, YTO MOTEPH ABJIAIOTCA BKJIIOUCHHBIMH. J[aHHyt0 TIpo- 
OneMy pesoMaraeTcaA U3YYHTb C YYCTOM 3ABHCHMOCTH KOMIIJICKCHBIX MOJlyeH UccieyeMol KepaMHKH OT 4acTOTHI. 

B mpeactaBieHHol padote paccMoTpeHb! padasbHble KoeOaHHA OOpa3ila AIA MoyYeHusA Oomee NOMHOM HH- 
(bopMaljHuu Ip u3MepeHuu OoNbUero Habopa KOHCTAaHT (KPOMe Tbe309ICKTPHYeCKUX H AMIICEKTPHYeCKHX MOyeH 
W3MepeHbI YUPyre MOAYIM $14,542,513 ). JaHHbiii MeToy MoxeT OBIT pactiIpoctTpaHeH H Ha Apyrue dbopMpl oOpa31oB 
(cTepoKHH, IJIaCTHHEI Hi T. I1.), HOCKOJIBKY B STHX OAHOMEPHBIX 3aadax IpOHCXOAMT Mpoctas 3amMeHa PyHKyMN beccena 
Ha TpHroHoMeTpHueckHe (yHKUMH. 
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